Abstract-Alkali-free glasses show immense promise for the development of high-energy density capacitors. The high breakdown strengths on single-layer sheets of glass suggest the potential for improved energy densities over existing state-of-the art polymer capacitors. In this paper, we demonstrate the ability to package thin glass to make solid-state capacitors. Individual layers are bonded using epoxy, leading to capacitors that exhibit stable operation over the temperature range −55°C to +65°C. This fabrication approach is scalable and allows for proof testing individual layers prior to incorporation of the stack, providing a blueprint for the fabrication of high-energy density capacitors.
Fabrication of Solid-State Multilayer Glass Capacitors I. INTRODUCTION
A LKALI-FREE (AF) glass has shown considerable promise as an emerging material for next-generation high-energy density capacitors [1] , [2] . Realizing the potential of these materials has been slowed by several technological challenges. First, there is a strong thickness dependence to the breakdown strength of AF glass [2] , [3] , necessitating the use of thin (<30 μm) glass to realize any benefit in dielectric strength relative to sodium-silicate glasses. In addition, while glass as thick as 200 μm is suitable for reel-to-reel processing [4] , glasses under 10 μm in thickness are required to achieve bend radii in the millimeter range. This flexibility is necessary for wound capacitor configurations in order to reduce inactive core volume through tighter winding, maximizing device energy density. To date, glasses with thicknesses below 30 μm are not widely commercially available. The most popular route to further thin the glass is with hydrofluoric acid. Such an approach is not readily feasible for manufacturing wound glass capacitors [5] , but rather favors a multilayered geometry. Second, glass capacitors tend to show relatively poor self-healing properties [6] requiring proof-testing of each individual sheet prior to inclusion within the stack [3] . The challenge then becomes developing a packaging strategy that allows prescreened individual sheets of thinned glass to be stacked mechanically in series and electrically in parallel. It has been previously demonstrated that residual alkaliatoms within the glass preclude AF glass from being suitable for high temperature operation [7] , [8] . With an operating range limited to near room temperature, many more options exist for packaging. The goal of any strategy is to maximize energy density by minimizing the edge margin that protects against flash over. This could be done in a number of different ways. One possible route is to use a foil/glass approach backfilled with insulating fluid similar to what has been done for decades in foil/paper capacitors [9] . Metallizing the glass directly rather than using a foil electrode as is often done in polypropylene capacitors provides a more controlled dielectric area and a potential route toward self-healing electrodes [10] . While pure metal electrodes clear only ∼50%-60% of breakdown events for AF glass [2] , research on irreversible phase change materials as the electrode hints at possible routes to improve the self-healing nature of glass capacitors [6] . Conversely, segmented metal electrode designs may pave the way for self-healing using conventional electrodes [11] . With these concepts in mind, our focus is on demonstrating a packaged capacitor based on metallized glass. In this paper, we demonstrate a solid-state capacitor manufactured by laminating sheets of glass with thin epoxy binding layers. A solid-state capacitor was chosen due to the greater flexibility in potential applications over oil-filled devices, where the development of air bubbles can lead to premature failure of the capacitor.
II. EXPERIMENTAL METHODS

A. Capacitor Fabrication
The process flow for the fabrication of the capacitors is shown in Fig. 1 . The general approach, described in more detail in the following, is to bond individual metallized sheets of glass into a multilayer stack and then use a laser to cut out the final dimensions of the capacitor prior to applying the end terminations.
Commercially purchased Schott AF45 glass was used for the fabrication of the capacitors. The as-received glass was 101 × 101 mm 2 and 30 μm thick. Prior to depositing the electrodes, the glass was cleaned in a low-power oxygen plasma using a Harrick Plasma PDC-001 Plasma Cleaner.
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See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. A shadow mask was used during Cr/Au deposition in a Kurt J. Lesker LAB 18 sputter deposition system to pattern the capacitor in the desired geometry. The layers were 30 and 100 nm thick, respectively. The mask defines rectangular electrodes 0.45 × 0.5 in 2 . Electrodes were deposited on the top and bottom surfaces of the glass sheets with an offset of 0.15 in. The mask pattern consists of 25 electrodes and several alignment markers used for orienting the sample in laser cutting (Fig. 2) . The glass layers are singulated using an LPKF ProtoLaser U3 laser cutter operating at 355 nm. The laser power was set to 4 W and operated at a frequency of 75 kHz. The glass is cut to provide an edge margin of 0.1 in on each of the four sides-making the final capacitor dimension 0.65 × 0.55 in 2 with an active area of 0.45 × 0.35 in 2 . Note that the 0.1-in edge margin for the final capacitor indicates the laser cuts through the as-deposited electrode at a distance of 0.05 in from the edge of the metallization. This was necessary to ensure the buried metal layers ran all the way to the edge of the glass sheets, providing easy access for applying the end terminations.
In order to form a mechanically robust capacitor, the individual glass sheets were stacked and bonded using EPON 828 with Jeffamine T-403 as the curing agent. To ensure the widest possible operating range, a mixing ratio of 1:0.42 was chosen to maximize T g of the epoxy [12] . The biggest challenge in scaling up from a single layer design to a multilayer package resides in maintaining registry between the glass sheets-particularly given the fact that, depending upon the desired final capacitance, the required number of layers may exceed 100 (for the geometry specified above, each layer has a capacitance of approximately 166 pF). To resolve this problem, we 3-D printed a custom alignment fixture out of PolyJet VeroCyan (Fig. 3) . The sheets are stacked in an A/B-type pattern ensuring each subsequent dielectric layer is connected electrically in parallel, as shown in Fig. 1 . A small bead of epoxy was applied to the center of the part and allowed to spread under uniaxial pressure.
In order to ensure no air bubbles were present within the bonding layer, the amount of epoxy applied for each layer far exceeded that which was necessary for forming the bond. All of this excess epoxy was squeezed out under the applied pressure. The uniaxial pressure also serves to minimize the thickness of the epoxy layer (Fig. 4) , which is electrically inactive in this design and reduces the engineered energy density of the final device. In order to ensure the capacitor was not bonded to the fixture, a partial cure at 50°C was performed for 2 h. After this partial cure, the capacitor was removed from the fixture and cleaned. The final cure was then performed for 12 h at 50°C. The low temperature for both the initial and the final cure was necessary to limit the amount of residual stress within the final capacitor that results from thermal expansion mismatch between the epoxy and the glass [13] . Inevitably, excess epoxy on the edges prevents access to the buried inner electrodes immediately after the final cure. This material is readily removed via polishing with a 1200-grit SiC paper (Fig. 5) . Finally, the Au end terminations were applied by sputtering a further 100 nm of metal end on. Fig. 6 plots the room temperature capacitance and loss for a ten-layer multi-layer glass capacitor (MLGC). In order to accurately estimate the expected contribution from each individual layer, a permittivity of 5.56 for the glass was measured using a single 30-μm sheet of glass using 0.25-in- diameter electrodes (not shown). Based on the dimensions and thickness of the glass, it is anticipated that each layer in the MLGC should contribute 166 pF. The measured capacitance at 1 kHz was 1.65 nF, indicating the edge terminations are contacting all of the inner electrodes. The slight difference from anticipated value of 1.66 nF reflects minor misalignment errors between the top and bottom electrodes for the individual sheets. The epoxy should not be contributing any measurable capacitance as the 0.1-in (0.254 cm) edge margins lead to an estimate in the tens of attofarads range per sheet arising from the voltage drop through the epoxy between the counter electrodes. In addition, Epon 828 is reported to have loss tangents as low as 0.2% [14] , meaning any parallel capacitance associated with the edge margin may actually have lower loss than the glass itself.
III. RESULTS AND DISCUSSION
The temperature dependence of capacitance was measured at 1 kHz over the range −55°C to +65°C (Fig. 7) . There is a slight increase in capacitance with increasing temperature, increasing at a rate of approximately 0.01%/°C. The total variation in the capacitance over this range is 1650 ± 15 pF, indicating the temperature variation is less ±1%. By classification, this exceeds the X4A category. While there is also some temperature dependence to the loss (increasing at a rate of 0.2%/°C), it remains below 0.4% at +65°C. Measurements of the temperature dependence of the capacitance of a bare single layer of the AF32 glass with 1/4-in-diameter electrodes (not shown) indicate the intrinsic variation in the capacitance over this temperature range is less than ±1%. Additionally, the bare glass shows a loss below 0.4%. The similar temperature dependence of the capacitance and comparable loss values demonstrates that, for small signals, the bonding process does not alter the properties in any significant way. In fact, the measured properties are consistent with the field being dropped across the AF glass.
To test changes in large signal properties, we measured the leakage current a 1 kV at 65°C for both the single layer of bare glass and the ten-layer MLGC. The resistance of the MLGC remains above 2.8 × 10 13 at 65°C. If conduction through only the glass is considered, this reflects a resistivity of 9.5 ×10 14 · cm. By comparison, the measured resistivity of the bare glass at 65°C is of 7.0 × 10 14 · cm. Likely, the differences in these numbers reflect measurement error as the leakage currents for both tests were in the pA range. Indeed, the leakage current was too low for both types of samples to measure a precise value of resistance over the entire range of −55°C to +65°C. The high resistance in the MLGC does illustrate that the parallel resistance path through the epoxy is of equal or greater resistance than the glass itself.
IV. CONCLUSION
We have demonstrated a route for fabricating solid-state capacitors using AF glass. The approach is scalable and allows for proof testing of individual sheets prior to incorporation into the multilayer stack. Using epoxy as the bonding material, the operating temperature range of the capacitor is determined by T g of the polymer. In the case of Epon 828 with Jeffamine T403, with T g near 90°C, we have demonstrated stable performance over the temperature range −55°C to +65°C. The epoxy is largely electrically inactive in the capacitor, serving only to provide insulation resistance across the edge margin, with the dielectric and electrical properties of the device being consistent with those of the glass. He is currently a Staff Member with the Microsystem Packaging and Polymer Processing Department, Sandia National Laboratories, Albuquerque, NM, USA.
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